The uptake behavior of Cs, Pd, Mo, Re and Tc on highly functional xerogels (microcapsules: MCs), the /RuNO 3+ in simulated HLLW was accomplished using thiourea-HNO 3 eluent. The extractants (LIX63, MIDOA and TOA) can be encapsulated with the alginate polymer gels. The MCs enclosing the above extractants exhibited high selectivity towards Mo(VI), Re(VII) and Tc(VII) ions, and the chromatographic separation for simulated HLLW and spent fuel solutions was accomplished by using stepwise elution methods. The precise separation system combined the above processes is effective for the recovery of nuclear rare metals from HLLWs.
Introduction
Special attention has been given to the selective separation and recovery of heat-generating nuclide (Cs), platinum group metals (PGMs: Pd, Ru and Rh) and oxoanions (Mo and Tc, etc.) from high-level liquid wastes (HLLWs) in relation to the partitioning of radioactive nuclides and their effective utilization [1] [2] [3] . In these researches, 31 elements (Se, R, Sr, Y, Zr, Nb, Mo, Tc, Ru, Rh, Pd, Ag, In, Te, Cs, Ba, La, Ce, Pr, Nd, P, Sm, Eu, Pm, Gd, Tb, Dy, U, Np, Pu, Am and Cm) were defined as nuclear rare metals 3) . As for the recovery of these nuclides * Corresponding author E-mail: ohnishi.takashi@jaea.go.jp from HLLWs, selective inorganic ion-exchangers and extractants have been developed, and their granulation methods using alginate gel polymers is effective for the compact and successive separation process using the packed column 4, 5) . We have attempted to immobilize these materials into the porous alginate gel polymers; the highly functional xerogels (microcapsules: MCs) can be readily prepared by using sol-gel method 4, 5) . Microencapsulation is a unique technique for enclosing selective adsorbents in porous polymeric matrices. Figure 1 shows the compact elements separation flow sheet (xxx) developed by Tohoku University and Japan Atomic Energy Agency (JAEA) using MCs. Adsorption and desorption of nuclear rare metal had been already succeeded by using column packed with MCs. Separation of nuclear rare metal, however, was not fully investigated. The present study focuses on the five column processes for the Cs, Pd, Tc and Mo, and deals with the uptake behavior of the above nuclides on MCs, characterization and the chromatographic separation for simulated HLLW (28 components) and spent fuel solution prepared from actual spent fuel by batch and column methods.
Experimental

Materials
As for the separation of Cs and Pd, inorganic ion-exchangers of AWP (ammonium tungstophosphate), CuFC (insoluble cupper ferrocyanide) were used. AWP powder was purchased from Wako Pure Chemical Ind. CuFC was prepared by the gelation of kneaded sol of NaALG (sodium alginate) and ferrocyanide ions with Cu 2+ solution. The sodium alginate (NaALG, 500-600 cP) was purchased from Wako Pure Chemical Ind. 
Preparation of MCs
The highly functional xerogel microcapsules (MCs) were prepared by sol-gel methods. For example, the preparation procedure of AWP was as follows. Fine AWP powders (0.5 g) were kneaded with NaALG solution (50 cm 3 , 1.5 wt%) and fully dispersed using a kneader equipped with rotation and revolution functions. The well-kneaded sol was then dropped into 0. Here, this composition was estimated by a computer program ORIGEN-79; the composition corresponded to wastes stored for 5 year after reprocessing spent fuels cooled for 6 months after discharge at burn-up 28,000 MWd/t U from a light water reactor 7) . Simulated HLLW containes nitric acid and sodium ions with high concentrations of 2.5 and 0.981 M(mol/dm 3 ), respectively. Alginate gel itself adsorbed on Zr(IV) ions and Zr(IV) ions was partly eluted by nitric acid solution with Mo(VI) and Re(VII) ions. Hence, Zr(IV) ions was included in the separated Mo(VI) and Re(VII) ions. Removal of Zr(IV) ions from SHLLW was conducted by using alginate gel polymer without the specific extractants (CaHALG MCs) before chromatographic separation of Re(VII) and Mo(VI) ions in SHLLW. As results, 84% of Zr(IV) ions was removed from SHLLW.
Spent fuel solution
The preparation procedure for spent fuel solution used in the column experiment is shown in Fig. 2 . The spent fuel solution was prepared from actual spent fuel. A mixed oxide (MOX) fuel including 29.98 wt% Pu (in 8.03 wt% enriched U), namely PFC030, was irradiated from the 9th cycle to the 23rd cycle in the 2nd or 3rd row in the experimental fast reactor Joyo. Irradiation of the PFC030 fuel assembly was equivalent to 836.7 effective full power days, and the peak burn-up and maximum neutron fluence were 119 GWd/MTM and 1.78×10 27 (n/m 2 ) (E ≥ 0.1 MeV), respectively 8) . First, the spent fuel was dissolved using 8 M HNO 3 solution. Next, uranium and plutonium were removed by the anion exchange method. The analysis results of the spent fuel solution are shown in Table 2 Removal of Zr(IV) ions from spent fuel solution was conducted by using CaHALG MCs. As results, 95% of Zr(IV) ions was removed from spent fuel solution.
Characterization
The surface morphologies of MCs were examined by scanning electron microscopy (SEM, Hitachi, TM-1000) and digital microscope (DM, HiROX, KH-1300). The adsorbed metal ions on MCs and the precipitates were analyzed by energy dispersive spectroscopy (EDS). The concentrations of Cs + and other metal ions in the aqueous phase were measured by atomic absorption spectrophotometry (AAS, Thermo Fisher Scientific K.K., AA-890) and inductively coupled plasma atomic emission spectrometry (ICP-AES, SII, SPS7800).
Determination of uptake percentage and distribution coefficient
The distribution of metal ions for MCs was estimated by batch method. An aqueous solution (5 cm 3 ) containing 10 ppm metal ions was placed into contact with 50 mg of MCs at 25±1°C up to 1 d, which was found to be sufficient for attaining equilibrium. The uptake percentage (R, %) of metal ions removed from the solution and the distribution coefficient (K d , cm 3 /g) are defined as;
where C 0 , C t and C f (ppm) are the concentrations of metal ions at initial, at time t, and at equilibrium, respectively; m (g) the weight of MCs; and V (cm 3 ) the volume of the aqueous phase. (Fig. 3) . The MCs such as TOA-HALG MCs, MIDOA-HALG MCs and LIX63-HALG MCs were degassed initially at reduced pressure in deionized water. The degassed MCs (1 ~ 2 g) were packed into the glass column (5 mmΦ× 200 mm ~ 300 mmL) with thermostatic water jacket. LIX63-HALG MCs showed some floating tendency in the water, and hence the silica cotton was used for the packing of MCs in the glass column. The dead volume of the packed column was estimated in advance, and the flow rate was set at 0.25~0.28 cm 3 /min. The SHLLW (0.5 cm 3 )
or spent fuel solution (0.45 ~ 1.9 cm 3 ) was at first loaded on the upper part of the MCs in the packed column and left for 24 h. The stepwise chromatographic elution was then carried out using water, HNO 3 , NH 4 NO 3 and thiourea eluent. The ion concentration of each fractionated effluent was determined by AAS, ICP-AES or ICP-MS (Agilent, 7500cx). Elution curves were obtained by plotting the elution percentage against the eluent volume. The elution is defined as the ratio of the eluted ions in each fraction to the initial amount loaded on the column. 
Results and Dicussion
Separation of Cs
Separation of Pd
The CuFC-HALG MCs prepared by the direct synthesis method were used for the subsequent experiments. In the conventional preparation method of CuFC, fine CuFC powder and NaALG were kneaded and then dropped into the Ca 2+ solution. In this case, the agglomerates of CuFC powder were enclosed in the CaALG gel polymer matrices, and hence the uptake rate of Pd 2+ ions for the CuFC agglomerates in MCs was considerably small and the uptake equilibrium attained over 4 d. In contrast, fine insoluble CuFC crystals were uniformly microencapsulated in MCs by the direct synthesis method as shown in Figs. 6(a)-(d) . The uptake rate of Pd 2+ was markedly enhanced compared to the conventional MCs, and the uptake equilibrium attained within 6 h. Further, the uptake of Pd 2+ was nearly 100% in a wide range of HNO 3 concentration from 0.1 M to 10 M (Fig. 7) . Relatively In addition, the fiber of CuFC-CuALG can be readily prepared by direct injection of kneaded sol into gelling solution. These CuFC-MCs fibers were further molded into the disk (Fig.   10) ; this filter is probably effective for the rapid adsorption of Pd 2+ ions and can be applied to the separation in a wide field. 
Separation of oxoanions
The organic extractants such as TOA, MIDOA and LIX63 which are effective for the separation of oxoanions, was microencapsulated by sol-gel method using alginate xerogel polymer matrices. As for irradiation stability, the spherical and highly porous TOA-HALG MCs were irradiated with 60 Co γ- . In the case of Mo(VI) ions, a part of Mo(VI) ions was probably precipitated as zirconium molybdate hydrate (ZMH) 12) .
Separation of Cs, Pd, Tc and Mo in spent fuel solution
The feed solution for the chromatographic separation was prepared by the dissolution of spent MOX fuel. The initial concentrations of nuclides were determined by ICP-MS. (Fig. 15) .
Here, the recovery (%) was estimated to be nearly 100%. The chromatographic separation of oxoanions in actual HLLW was accomplished by using TOA-HALG MCs, MIDOA-HALG MCs and LIX63-HALG MCs. For example, in the case of TOA-HALG MCs column, no adsorptive nuclides were recovered in the initial stage of elution with pure water and 2 M HNO 3 . Tc(VII) ions were then eluted with 5 M HNO 3 , and the recovery(%) was estimated to be over 90% (Fig. 16) . Similarly, Tc(VII) and Mo(VI) ions were effectively eluted with 3 M HNO 3 and 7 M HNO 3 eluents by using MIDOA-HALG MCs and LIX63-HALG MCs columns, respectively, as shown in Fig. 17 and Fig. 18 , and the recovery(%) of Tc(VII) and Mo(VI) ions was estimated to be over 90% and 85%, respectively. Here, a part of Mo(VI) was probably incorporated into the precipitates of zirconium molybdate hydrate (ZMH).
Conclusions
The uptake behavior of the Cs, Pd, Mo, Re and Tc on MCs, characterization and the chromatographic separation for SHLLW (28 components, SW-11E, JAEA) and spent fuel solution were clarified by batch and column methods. Granular MCs of AWP (ammonium tungstophosphate) encapsulated with CaALG (calcium alginate) matrices exhibited a high selectivity and Tc(VII) ions, and the chromatographic separation for SHLLW and the spent fuel solution was effectively accomplished by using stepwise elution method. Therefore, separation of nuclear rare metal in simulated HLLW and the spent fuel solution was succeeded by using column packed with MCs. The precise separation system combined the above processes is effective for the recovery of nuclear rare metals from HLLWs. 
